The ␥-secretase complex catalyzes the cleavage of the amyloid precursor protein in its transmembrane domain resulting in the formation of the amyloid ␤-peptide and the cytoplasmic APP intracellular domain. The active ␥-secretase complex is composed of at least four subunits: presenilin (PS), nicastrin, Aph-1, and Pen-2, where the presence of all components is critically required for ␥-cleavage to occur. The PS proteins are themselves subjected to endoproteolytic cleavage resulting in the generation of an N-terminal and a Cterminal fragment that remain stably associated as a heterodimer. Here we investigated the effects of modifications on the C terminus of PS1 on PS1 endoproteolysis, ␥-secretase complex assembly, and activity in cells devoid of endogenous PS. We report that certain mutations and, in particular, deletions of the PS1 C terminus decrease ␥-secretase activity, PS1 endoproteolysis, and ␥-secretase complex formation. We demonstrate that the N-and C-terminal PS1 fragments can associate with each other in mutants having C-terminal truncations that cause loss of interaction with nicastrin and Aph-1. In addition, we show that the C-terminal fragment of PS1 alone can mediate interaction with nicastrin and Aph-1 in PS null cells expressing only the Cterminal fragment of PS1. Taken together, these data suggest that the PS1 N-and C-terminal fragment intermolecular interactions are independent of an association with nicastrin and Aph-1, and that nicastrin and Aph-1 interact with the C-terminal part of PS1 in the absence of an association with full-length PS1 or the N-terminal fragment.
occurs within the lipid membrane bilayer, an event referred to as regulated intramembrane proteolysis (RIP), i.e. the enzyme cleaves the peptide bond within the transmembrane domain of its substrate (3) . An increasing number of type I membrane proteins have been shown to undergo ␥-secretase-dependent RIP, among these are Notch, CD44, ErbB-4, and E-cadherin (reviewed in Ref. 4) . The sequential processing of these proteins on the luminal side of the membrane and within the transmembrane domain results in the release of an intracellular signaling portion of the protein. Thus, concurrent with ␥-secretasemediated A␤ generation, a cytosolic fragment, the APP intracellular domain (AICD) is formed. AICD associates with the cytosolic adaptor protein Fe65, translocates to the nucleus, binds to the histone acetyltransferase Tip60, and functions as a regulator of transcription (5) . The N terminus of AICD is located 7-9 residues C-terminal to the site predicted by the ␥-secretase cleavages generating A␤40 and A␤42 (6) . This cleavage site, occurring between Leu-49 and Val-50 (A␤ numbering), has been termed the ⑀ site. Competition studies in vitro and inhibitor profiles suggest that cleavage at the ⑀ site is intimately related to ␥-secretase cleavage (7, 8) . Dual intramembrane cleavage has, in addition to APP, been demonstrated in the RIP substrates CD44 and Notch (9, 10) .
␥-Secretase is a multisubunit complex that contains presenilin (PS), nicastrin, Aph-1, and Pen-2 (11) (12) (13) (14) (15) . PS proteins contain 10 hydrophobic domains, 8 of which form transmembrane domains according to most current models (16) . The full-length PS proteins are endoproteolytically cleaved in hydrophobic domain 7 by an unidentified "presenilinase," which converts the holoprotein into N-and C-terminal fragments (NTF and CTF) that remain associated as heterodimers (17) . Accumulating evidence suggests that the NTF and CTF heterodimer is the active form of PS and provides the catalytic core of the ␥-secretase complex. (i) Transition state analogue inhibitors of ␥-secretase bind to NTF and CTF (18, 19) . (ii) Mutations of two intramembrane aspartates, located in transmembrane domains 6 and 7, respectively, obliterate ␥-secretase activity (20, 21) . (iii) PS contains an aspartic protease motif (22) . The role of the other components in the ␥-secretase complex is less well understood, but a picture is emerging that the formation of the complex and the stabilization of the individual components is a coordinated and complex process (reviewed in Ref. 4 ).
Here we investigated the importance of the C-terminal domain of PS1 for ␥-secretase complex activity and endoproteolysis. Previous work presented by Tomita et al. (23, 24) have indicated that the C-terminal domain of PS1 and PS2 is qualitatively important for A␤ generation and plays a role in the formation and stabilization of high molecular weight complexes of PS. We used a recently devised luciferase-based AICD generation system (25) to assay ␥-secretase activity in PS-deficient cells after transfection of PS1 with modified C termini. In parallel, we used co-immunoprecipitations to monitor interaction of modified PS1 molecules with other ␥-secretase compo-nents. We report that deletions of the PS1 C terminus affect PS1 endoproteolysis, ␥-secretase complex assembly, and activity when expressed in PS-deficient cells. The deletions also affected Pen-2 stability and nicastrin maturation. Most interestingly, when wild-type NTF is co-expressed with C-terminally truncated CTF, the NTF and CTF forms heterodimers, although the interaction with nicastrin and Aph-1 is severely reduced. In addition, we show that CTF alone interacts with immature nicastrin and Aph-1 in cells that express CTF on a PS null background.
EXPERIMENTAL PROCEDURES
DNA Constructs-cDNAs encoding PS1 and PS1 CTF in the pcDNA3 and pcDNA3.1 vectors were used to generate point and deletion mutations with PCR-based site-directed mutagenesis according to the QuickChange mutagenesis protocol (Stratagene). PS1 constructs used for generating stable cell lines were cloned into the pGwCAGiRESpuro vector by using regular cloning procedures with EcoRI (New England Biolabs) restriction enzyme digestion. All constructs were verified by sequencing. Additional DNA constructs used were PS1 NTF in the pcDNA3 vector, cytomegalovirus-␤gal encoding ␤-galactosidase, MH100 encoding luciferase, and C99-GVP encoding the fusion protein of ␤-cleaved APP with a Gal4 DNA-binding and a transactivating VP16 domain introduced after the transmembrane domain of APP, between the triple lysine anchor and the cytoplasmic tail. The three latter constructs have been described elsewhere (25, 26) .
Cell Culturing-Blastocyst-derived embryonic stem cells deficient in PS1 and PS2, BD8 cells, were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2.4 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM ␤-mercaptoethanol, and nonessential amino acids (27) . BD8 cells stably expressing PS1, C-terminally truncated PS1, PS1 NTF, or PS1 CTF were cultured as BD8 cells with additional puromycin (1 g/ml).
Transfection Experiments and Luciferase Reporter Assay-Stably transfected BD8 cells were generated from BD8 cells transfected with PS1, PS1-450stop, PS1-460stop, PS1 NTF, or PS1 CTF by selection with puromycin (1 g/ml). Single clones were analyzed with Western blot for PS1 expression and expanded.
Transient transfections were performed in 6-well tissue culture plates for co-immunoprecipitations and in 24-well tissue culture plates for luciferase reporter assay experiments measuring AICD generation. Briefly, BD8 cells were plated at a suitable density the day before transfection. The cells were transfected according to the LipofectAMINE PLUS method (Invitrogen). For each well of a 6-well tissue culture dish, 1 g of the indicated PS1 DNA construct was included in the transfection mixture. In transfection experiments using NTF ϩ CTF, 500 ng of each construct were used per well. The cells were analyzed 48 h after transfection with co-immunoprecipitation.
For the luciferase-based reporter assay (25) , cells were transfected with 100 ng of MH100, 50 ng of cytomegalovirus-␤gal, and 100 ng of C99-GVP per well. Vectors encoding holo-PS1 (100 ng) or PS1 fragments (100 ϩ 100 ng) were included in the mix. Empty pcDNA3.1 vector (100 ng) was added to adjust for differences in DNA amounts. Within each luciferase reporter experiment triplicates were performed, i.e. three wells were transfected with each of the DNA constructs analyzed. Cells were lysed 24 h after transfection in 100 l of lysis buffer per well (10 mM Tris, pH 8, 1 mM EDTA, 150 mM NaCl, and 0.65% Nonidet P-40), and luciferase activity was monitored luminometrically after addition of luciferin and ATP (BioThema). The ␤-galactosidase activities of the cell lysates were determined by measuring absorbance at 405 nm in ␤-galactosidase buffer (10 mM KCl, 60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 1 mM MgCl 2 , 50 M ␤-mercaptoethanol, and 8 mM O-nitrophenyl-␤-Dgalactopyranoside), to equalize for differences in transfection efficiencies. In addition, the cell lysates were analyzed for PS1 expression by Western blot.
Antibodies-The following antibodies were used for immunoprecipitation and immunoblotting experiments: UD-1, raised against the Nterminal residues ERVSNEEKLNL of Pen-2 (28); H2D (Calbiochem), raised against residues 245-265 of Aph-1a L ; anti-nicastrin N1660 (Sigma), raised toward residues 693-709 in the C terminus of nicastrin; MAB5232 and AB5308 (Chemicon), which recognize the loop of PS1; and anti-PS1 NTF Ab14 and NT1, generously provided by Drs. Sam Gandy and Paul Matthews, respectively.
Immunoprecipitation-Co-immunoprecipitation experiments were carried out 48 h post-transfection or from stably transfected BD8 cells. Cells grown in 6-well tissue culture dishes were lysed in 0.5 ml of co-immunoprecipitation buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 2 mM EDTA, Protease Inhibitor Mixture (Roche Applied Science), and 1% CHAPSO) per well and briefly sonicated. The samples were kept on ice, and all incubations were performed at 4°C. Lysates were subjected to ultracentrifugation (100 000 ϫ g, 20 min). The CHAPSO-soluble supernatant was pre-cleared with protein A-and G-Sepharose (Amersham Biosciences) and subsequently incubated with primary antibody (dilution 1:500) overnight with end-over-end rotation. The following day, a mixture of protein A-and G-Sepharose was added to the samples, and the incubation was continued for 1 h. Monoclonal ␣-His antibody or preimmune sera were used as negative controls. The immunoprecipitates were washed three times in co-immunoprecipitation buffer containing 0.5% CHAPSO and once in phosphate-buffered saline. Laemmli sample buffer was subsequently added to the Sepharose and incubated at room temperature for 30 min prior to SDS-PAGE and Western blot analysis.
Proteasomal Inhibition-BD8 cells stably expressing PS1-450stop, PS1-460stop, or PS1 wild-type were treated with 2 M of the proteasomal inhibitor MG-132 (Calbiochem) or Me 2 SO. After an 8-h incubation period, cells were harvested, and cell lysates were analyzed by Western blot.
Western Statistical Analysis-Analysis of differences in the luciferase reporter experiments were carried out by ANOVA followed by Fisher's protected least significant distance post hoc test using the StatView software.
RESULTS

Missense Mutations in the C-terminal End of PS1 and Their
Effect on ␥-Secretase Activity-We and others (23, 24, 29) have noted that alterations in the C-terminal end of PS1 affect both the endoproteolysis and ␥-secretase activity. We wanted to determine in closer detail how the PS1 C terminus controls these two processes. The PS1 I467R mutant has been reported previously (23) to be deficient in endoproteolysis and to increase the ratio of secreted A␤42 to A␤40. Because these data were obtained in cells containing endogenous PS, we wanted to express the I467R mutant in PS null cells (27) . In addition to I467R, we generated PS1 with two other point mutations at well conserved C-terminal residues, H463A and A461F. We made use of a luciferase-based reporter system that quantifies AICD formation from a C99 molecule that contains a Gal-4 DNA-binding domain and a VP16 transactivating domain (25, 30) . In transiently transfected PS null cells neither the I467R mutant nor the H463A and A461F mutants had an appreciable effect on ␥-secretase activity or endoproteolysis compared with wild-type PS1 (Fig. 1, A and B, and not shown). However, exchanging the three most C-terminal residues 465-467 (PheTyr-Ile), which are uncharged, to a stretch of three constitutively charged glutamates affected both ␥-secretase activity and endoproteolysis of the artificial mutant molecule (Fig. 1, A  and B) . On longer exposure, a faint NTF band could be detected from the triple-Glu mutant (not shown). Thus, the invasive triple-Glu mutant was more deficient in rescuing ␥-secretase activity and endoproteolysis in PS null cells than the single point mutations; therefore, the integrity of the PS1 C terminus appears to be important for PS1 function.
C-terminal Deletions of PS1 and Their Effect on ␥-Secretase Activity and PS1 Endoproteolysis-Prompted by the findings from the triple-Glu C-terminal mutant, we wanted to assess qualitatively the functional impact of truncations of the PS1 C-terminal domain on PS1 endoproteolysis and ␥-secretase activity. An array of C-terminally truncated PS1 molecules was transiently expressed in PS null cells, and ␥-secretase activity and AICD formation were quantified by using the luciferase reporter system (Fig. 2A) . The PS1-465stop and PS1-466stop mutants reconstituted ␥-secretase activity to levels similar to the wild-type molecule. In addition, endoproteolysis of PS1-465stop and PS1-466stop was similar to wild-type PS1 (Fig.  2B, lanes 8 -10) . This implies that Tyr-466 and Ile-467 are not essential for endoproteolysis and reconstitution of ␥-secretase activity in PS-null cells. The luciferase response was significantly lower for the mutants ending at His-463 and Glu-464 ( Fig. 2A) , whereas endoproteolysis of the PS1-463stop and PS1-464stop molecules appeared normal compared with the wild-type PS1 molecule (Fig. 2B, lanes 6, 7, and 10 ). In contrast, the PS1-450stop, PS1-455stop, and PS1-460stop mutants all showed defects both in rescuing ␥-secretase activity and endoproteolysis (Fig. 2, A and B, lanes 3-5) . It appears that the decline in ␥-activity and endoproteolysis correlate with the size of truncation in the PS1 C-terminal.
To ensure that the larger C-terminal truncations did not induce structural re-arrangements of the entire PS1 molecule, the PS1-450stop, PS1-455stop, and PS1-460stop truncated molecules and wild-type PS1 were co-expressed together with 2-4) . On a longer exposure (lower panel) a weak interaction between nicastrin and PS1 truncated at residues 455 and 460, respectively, could be detected (lanes 3 and 4) . B, cell lysates were co-immunoprecipitated using anti-Aph-1a L antibody, H2D. Immunoblotting showed that PS1 NTF co-purified with Aph-1 ( lanes  5-9) . Note that the interaction was perturbed when PS1 was truncated with 7-17 residues (lanes 2-4) . The asterisk indicates cross-reactivity with light chains of the immunoprecipitation (IP) antibody. C, cell lysates were co-immunoprecipitated using anti-PS-N antibody, Ab14. The immunoblot shows the interaction between Pen-2 and PS1. Association between the two ␥-secretase complex components was reduced when PS1 was truncated N-terminally of residue 463 (lanes 2-5) . D, the immunoblot shows the input (4% of total cell lysate) from the co-immunoprecipitations shown in A-C. The upper panel shows PS1 holo and NTF, and the lower panel displays CTF.
CTF (29) . If the NTF portion of the molecule is correctly inserted into the membrane, the addition of a wild-type CTF would restore functionality to PS1 (29) . Indeed, in the presence of CTF all three truncated constructs were endoproteolyzed, and ␥-secretase activity was restored in PS-deficient cells (Fig.  2, C and D) .
Co-immunoprecipitations of ␥-Secretase Complex Components in the Presence of PS1 C-terminal Deletions-
The reduction in activity and endoproteolysis for the PS1-450stop, PS1-455stop, and PS1-460stop mutants could result in an impaired interaction with one or more of the other ␥-secretase complex components. To address this we performed co-immunoprecipitations in 1% CHAPSO (31) by using lysates from cells transiently or stably transfected with the indicated constructs (Figs. 3 and 4) . The PS1 NTF co-precipitated with nicastrin if cells were transfected with PS1-463stop or longer constructs (Fig. 3A, lanes 5-9) . Almost identical results were obtained when immunoprecipitating against Aph-1 (Fig. 3B, lanes 5-9) . In addition, only PS1-464stop and the longer constructs were able to co-precipitate Pen-2 (Fig. 3C, lanes 6 -9) . For the PS1-460stop construct a weak interaction with nicastrin and Aph-1 was observed (Fig. 3, A and B, lane 4) . For the more severely truncated constructs, PS1-450stop and PS1-455stop, the interaction was abrogated. This loss of interaction was possibly due to the reduced endoproteolysis seen for the PS1-450stop and PS1-455stop mutants, suggesting that the proper interaction between the ␥-secretase components requires the presence of NTF and CTF.
We wanted to confirm the data obtained from transiently transfected cells in cells that stably express C-terminally truncated PS1 molecules. We therefore generated stable cell lines expressing PS1-450stop, PS1-460stop, and wild-type PS1 in PS-deficient cells. Cell lysates were prepared for analysis of ␥-secretase complex interaction by co-immunoprecipitations. In accordance with the data obtained from the transient transfection experiments, stably expressed PS1-450stop and PS1-460stop were impaired in interacting with nicastrin, Aph-1, and Pen-2 (Fig. 4A, panels I-III) . The levels of PS1-450stop and PS1-460stop were increased in the presence of the proteasomal inhibitor MG-132 (Fig. 4B) , suggesting that the failure of ␥-secretase complex incorporation affected the stability of the molecules within the cell. Endoproteolysis was more reduced for PS1-450stop than for PS1-460stop, although a faint NTF band could be visualized on longer exposures (Fig. 4C) . As noted for the transient transfections above, it appeared that the level of endoproteolysis of the mutant PS1 molecules, and hence the levels of NTF and CTF, correlated with their ability to form ␥-secretase complexes.
Pen-2 Stability and Nicastrin Maturation in the Presence of PS1 C-terminal Deletion Mutants-
The cellular abundance of Pen-2 and matured nicastrin can be used as a measure of correctly assembled PS1 expressed on a PS null background (21) . We have noted that transiently transfected cells are not ideal for studying Pen-2 stabilization and nicastrin maturation. Therefore, we used cells with stable expression of PS1-450stop, PS1-460stop, and wild-type PS1. The larger the deletion of the stably expressed PS1 molecule, the lower was the cellular level of Pen-2 (Fig. 5A) . Lysates from the mutant and wild-type PS1 stable cell lines were also probed for nicastrin (Fig. 5B) . Only when expressing the wild-type PS1 molecule could a band corresponding to the mature and fully glycosylated form of nicastrin be visualized (Fig. 5B, lane 4) . In summary, both the PS1-450stop and PS1-460stop molecules stabilize Pen-2 to a lower extent compared with the wild-type molecule, and their expression does not lead to maturation of nicastrin.
PS1 C-terminal Deletions and NTF and CTF Heterodimer Formation-Is the defect of the PS1-450stop, PS1-455stop
, and PS1-460stop molecules in rescuing ␥-secretase activity related to their defect in endoproteolytic processing? We have shown previously that co-expression of PS1 NTF and CTF functionally substitutes for the expression of the full-length molecule in PS null cells (29) . Thus, under these circumstances, co-expression of NTF and CTF bypasses the endoproteolysis step. To address the question raised above, we generated CTFs ending at residues 455, 460, and 463, respectively. The Cterminally truncated CTFs were co-expressed with wild-type NTF in PS null cells (Fig. 6A) . Consistent with the results obtained using PS1 holo-molecules, C-terminal deletions in the CTF lead to the gradual loss of the ability of the molecules to restore ␥-secretase activity in PS null cells. Fragment expression was verified by immunoblotting (Fig. 6B) . Hence, it appears that the C-terminal part of CTF regulates ␥-secretase activity even under conditions by-passing PS1 endoproteolysis.
To determine whether the truncated CTF molecules expressed together with wild-type NTF assemble into mature, but nonfunctional, ␥-secretase complexes, we performed coimmunoprecipitations in 1% CHAPSO on lysates from transiently transfected cells (Fig. 7) . Immunoprecipitates against nicastrin pulled down robust amounts of NTF and CTF in cells transfected with wild-type NTF and CTF (Fig. 7A, panels I and  II, lane 5) . However, in cells co-expressing wild-type NTF and truncated CTF, the interaction with nicastrin was diminished (Fig. 7A, panels I and II, lanes 2-4) . Similarly, the interaction between NTF together with CTF and Aph-1 was weakened by the C-terminal deletions in the CTF (Fig. 7A, panel III, lanes  2-4) . The presence of each fragment was corroborated by immunoblotting of cell lysates (Fig. 7B) . Remarkably, NTF and CTF heterodimer formation was not affected by C-terminal deletions in the CTF (Fig. 7A, panels IV and V, lanes 2-5) . Thus, under these experimental conditions, NTF and CTF can form heterodimers in the absence of an association with nicastrin and Aph-1.
PS1 CTF Interaction Analysis-In a final set of experiments, we wanted to determine whether any of the ␥-secretase components interacted directly with the C-terminal domain of PS1.
We generated BD8 cells stably expressing wild-type NTF or wild-type CTF alone. CHAPSO lysates were prepared from these cells and used for co-immunoprecipitations. Moreover, mixed NTF and CTF lysates were prepared, where the actual mixing occurred after CHAPSO solubilization. We used cells stably expressing wild-type PS1 as control. Lysates were immunoprecipitated with an antibody against nicastrin, and precipitates were analyzed by immunoblotting using antibodies against the NTF or the CTF (Fig. 8A ). Under these conditions, nicastrin did not associate with the NTF (Fig. 8A, upper panel,  lane 2 ). Most interestingly, in cells expressing CTF alone immunoprecipitations for nicastrin co-precipitated CTF (Fig. 8A,  lower panel, lane 3) . Moreover, CTF also co-precipitated with nicastrin in the NTF/CTF mixed lysates (Fig. 8A, lower panel,  lane 4) . Immunoprecipitations against Aph-1 also pulled down CTF from cells only expressing CTF and from the mixed NTF/ CTF lysates (Fig. 8B, lanes 3 and 4) . In the CTF-expressing cells nicastrin is exclusively found in its immature form (Fig.  8C, upper panel) . We also generated BD8 cells stably expressing CTF-455stop, a CTF deletion mutant that should have an impaired interaction with nicastrin and Aph-1 (Fig. 7A) . Indeed, neither nicastrin nor Aph-1 associated with the truncated CTF expressed by these cells, as determined by co-immunoprecipitations (Fig. 8D, upper and lower panel, lane 1) . Thus, it appears that immature nicastrin, Aph-1, and wild-type CTF interact under these conditions.
Finally we wanted to assay the specificity of the interactions seen by CHAPSO co-immunoprecipitations, and we chose to study the association between NTF and CTF. Immunoprecipitations with an antibody against CTF expectedly pulled down NTF in cells expressing PS1 (Fig. 8E, panel I, lane 4) . However, NTF did not co-precipitate with CTF in extracts where NTF and CTF extracts had been mixed after lysis (Fig. 8E, panel I,  lane 3) . The reciprocal immunoprecipitation, using a PS1 Nterminal antibody, pulled down CTF in cells expressing PS1 (Fig. 8E, panel III, lane 5) , whereas CTF did not co-precipitate with NTF in extracts where NTF and CTF extracts had been mixed (Fig. 8E, panel III, lane 4) . Thus, it appears that the specificity of the co-immunoprecipitations is maintained under the mild detergent conditions used. DISCUSSION PS plays a key enzymatic role in the ␥-secretase complex. In this study, we have focused on the C terminus of PS1 to gain further insights into PS1 function and ␥-secretase complex formation and activity. We report the following: (i) larger Cterminal deletions in PS1 render the molecule incapable of rescuing ␥-secretase activity and impair endoproteolysis; (ii) in cells stably expressing C-terminally deleted PS1 mutants, Pen-2 stabilization and nicastrin maturation are decreased; (iii) NTF and C-terminally truncated CTFs form heterodimers in the absence of an interaction with nicastrin or Aph-1; and (iv) immature nicastrin and Aph-1 physically interact with the PS1 CTF alone.
A number of proteins have been identified to bind to the PS1 CTF, including X11␣ and -␤, calsenilin, and telencephalin (32) (33) (34) . The interaction between X11 proteins and PS1 was suggested to be mediated via their PDZ domains to the C-terminal domain of PS1; hence, this interaction could be perturbed by the truncations performed in this study (32) . The most Cterminal region of PS1 is also implicated in the binding of telencephalin, a neural intercellular adhesion molecule (34) . The Ca 2ϩ -binding protein calsenilin is another protein identified by yeast two-hybrid screens to associate with CTF of both PS1 and PS2 (33) . It can reverse the potentially harmful Ca 2ϩ -signaling amplitude potentiation from mutant PS1 (35) . In this study, however, we have focused on the effects from mutations in the C-terminal of PS1 on ␥-secretase complex interactions and activity, rather than the implications for other PS1-binding proteins, although these may be severely affected by the modifications introduced.
Single point mutations of three conserved C-terminal amino acids (residues 461, 463, and 467; Fig. 1, A and B) revealed that these residues are not critical for ␥-secretase activity. Tomita and co-workers (23) have shown previously an effect of the PS1 I467R mutation on generation of A␤ by increasing the A␤42 to A␤40 ratio. In addition, the mutant molecule was shown to undergo endoproteolysis to a lesser extent than the wild-type molecule. We were not able to reproduce this compromised endoproteolysis. However, different cell types and the use of stable cell lines (23) versus transient transfections (this study) could possibly account for the difference in endoproteolysis of PS1 I467R observed between the two studies. Larger C-terminal deletions introduced in the PS1 holo-molecule resulted in decreased C99 processing, defective endoproteolysis, and impaired interaction with other ␥-secretase complex components (Figs. 2 and 3) . The largest deletion, PS1-450stop, still includes the so-called PALP motif (24) . This motif, located between residues 434 and 437 in PS1, has been shown previously (24) to be important for PS stability, endoproteolysis, and complex assembly. Together with our data (Fig. 2) , analyzing an array of C-terminally truncated PS1, it suggests that there are multiple determinants for PS1 activity and ␥-secretase complex interaction in the C-terminal domain of PS1. Our data also suggest that only the two most C-terminal residues, Tyr-466 and Ile-467, can be deleted without affecting PS-mediated ␥-secretase processing of C99 in PS-deficient cells. Sequential deletions beyond these two residues resulted in a gradual decrease in ␥-secretase processing of C99, endoproteolysis, and a decrease in the interaction between PS1 and the other ␥-secretase complex components, nicastrin, Aph-1, and Pen-2, as determined by co-immunoprecipitation experiments.
We generated BD8 cells stably expressing two of the deletion mutants, PS1-450stop and PS1-460stop, allowing analysis of nicastrin maturation and Pen-2 stabilization. It appears that nicastrin in the two deletion mutant cell lines is found exclusively in its immature form when compared with expression of wild-type PS1 (Fig. 5B) , suggesting that the PS1 C-terminal deletions preclude the trafficking and subsequent glycosylation of nicastrin. The deletion mutants also affected Pen-2 stability; Pen-2 levels were lower for the stably expressed deletion mutants compared with wild-type PS1. However, Pen-2 levels were higher for both PS1-450stop and PS1-460stop compared with untransfected PS-deficient BD8 cells, suggesting that at least partial stabilization of Pen-2 had occurred. Thus, it appears that C-terminal deletions affect nicastrin maturation to a larger extent than Pen-2 stabilization. The reason for this differential effect may in part be due to Pen-2 interacting with NTF and PS1 holo-molecules (28, 36) , leading to stabilization of the Pen-2 molecule. In addition, endoproteolytically compromised PS1 molecules maintain the ability to stabilize Pen-2 (21). The differential effect in nicastrin glycosylation and stabilization of Pen-2 may also be the result of an impaired trafficking of the truncated PS1 molecules. Possibly, the PS1-450stop and PS1-460stop are impaired in their trafficking, perhaps due to reduced endoproteolysis, which could result in minute glycosylation of nicastrin, whereas stabilization of Pen-2 is less affected.
We also studied the C-terminal deletions in the absence of their effect on endoproteolysis. We have shown previously (29) that co-expression of NTF and CTF functionally mimics expression of the full-length protein. When wild-type NTF was coexpressed with truncated CTFs, thus circumventing endoproteolysis, reconstitution of C99 processing in PS-deficient cells gradually declined, depending on the length of the deletion (lower panel, lane 3) . B, cell lysates were co-immunoprecipitated using anti-Aph-1a L antibody, H2D. Immunoblotting for NTF (upper panel) and CTF (lower panel) demonstrated (Fig. 6A) . The association between the PS fragments and nicastrin and Aph-1 was also impaired. Remarkably, the interaction between the NTF/CTF heterodimer was unperturbed by the C-terminal deletions and the absence of interaction with nicastrin and Aph-1 (Fig. 7A, panels IV and V) . Thus, the domain in CTF that confers binding to NTF is located N-terminal of residue 455 in the CTF. It is apparent that even though the PS1 heterodimer formation occurs, and the two intact catalytic aspartates are present, ␥-secretase activity requires the C terminus of PS1. Collectively, these results suggest that NTF/CTF heterodimer formation, under conditions where the fragments are co-expressed, does not require the association with nicastrin and Aph-1 per se.
The association between CTF and other ␥-secretase complex components was further investigated using PS-deficient cells expressing PS1 CTF alone. Most interestingly, immunoprecipitations for nicastrin or Aph-1 co-precipitated CTF from CHAPSO lysates from the CTF-expressing cells (Fig. 8, A and  B) . Nicastrin and Aph-1 were also associated with CTF in post-lysis mixed NTF/CTF extracts. Nicastrin was found in its immature form in these extracts (Fig. 8C) , suggesting that the association between CTF and nicastrin does not require glycosylation of the nicastrin molecule. The PS1 NTF and CTF were not associated and could not be co-precipitated from mixed NTF/CTF lysates (Fig. 8E) , indicating that PS1 heterodimer formation between NTF and CTF required conditions and interactions that occur within intact cells. Indirectly, this result also suggests that the ␥-secretase complex components do not randomly associate during CHAPSO conditions, and strengthen the immunoprecipitation data obtained from the CTF-expressing cells.
It is noteworthy that both immature nicastrin and Aph-1 co-precipitate with CTF in extracts from the CTF cells in light of recent reports suggesting the existence of stable intermediate subcomplexes between nicastrin and Aph-1 (37, 38) . In these complexes it appears that Aph-1 preferentially interacts with immature nicastrin (38) . One proposed function for these nicastrin/Aph-1 subcomplexes is that they stabilize the PS holo-protein (37) .
Most intriguingly, a recent study, using detergent dissociation of ␥-secretase complexes, found a complex consisting of nicastrin, Aph-1, and CTF (36) , indicating that these molecules are interacting in the fully assembled and active complex. We cannot under the conditions used here distinguish if nicastrin/ Aph-1 subcomplexes binds to CTF or if nicastrin and Aph-1 bind to CTF independently of each other. However, from our data it is apparent that the association between immature nicastrin/Aph-1 and CTF can occur in the absence of holo-PS1 or the PS1 NTF.
Taken together, our results indicate that the most C-terminal part of PS1 has an important role in regulating PS1 endoproteolysis, ␥-secretase complex assembly, and activity and that the CTF alone can interact directly with two other components of the ␥-secretase complex, namely nicastrin and Aph-1.
